We consider a model where the weak and the DM scale arise at one loop from the ColemanWeinberg mechanism. We perform a precision computation of the model predictions for the production cross section of a new Higgs-like scalar and for the direct-detection cross section of the DM particle candidate.
Introduction
One year ago, the first LHC run ended. Its most important result is the discovery of a particle, with a mass of about 126 GeV, that is fully compatible with the Higgs boson of the Standard Model (SM) [1, 2] . This data confirms that the predictions on the SM spectrum were true, but the success of the SM hides another result: the complete absence of new physics.
Though the SM explains a wide range of physical phenomena, it has still some unsatisfactory aspects.
One of them is known with the name of "hierarchy problem" [3] . Why the dimensional parameters of the SM, that is the Higgs mass, has to get the value that we can measure experimentally? The SM doesn't explain the link between the Higgs mass and other fundamental energy scales, e.g. the Planck mass. To describe our world, we need to "fine-tune" the parameters, that is, we have to set precisely their bare value to reproduce the experimental value.
A guideline for the physics beyond the SM may be naturalness [3] . Fundamentally we add new physics, such that the divergent parts of the correction to the Higgs mass cancel and the remaining corrections are smaller than M 2 h . Therefore, the new physics should explain the origin of the values of the parameters of the Standard Model. In other words, naturalness suggests the existence of new physics at a certain scale Λ nat such that the corrections δm 2 h ∼ Λ 2 nat are less than m 2 h : if we want small corrections, the new physics has to be at low energies. Looking at the data of the last period, i.e. the absence of these particles around the weak scale, the scale of the new physics had to move towards greater energy values. Maybe naturalness is a wrong way, but we think that some aspects of it can be recovered.
Briefly, "finite naturalness" consists in ignoring the quadratic divergences. The idea is that we can neglect these divergences exactly as we do in dimensional regularization computations. The reliability of finite naturalness for the SM has been studied in [4] .
The fundamental idea is to start from a model with a lagrangian that doesn't have any mass terms for scalar particles: the Coleman-Weinberg mechanism provides us a method to explain a non-zero value of the masses, also if the mass term is null, considering the radiative corrections of the theory. In fact, Coleman and Weinberg explain that the Spontaneous Symmetry Breaking (SSB) is not necessarily driven by a negative mass term for the scalar particle, but it can arise because of high-order processes involving virtual particles [5] . In fact, if we consider the one-loop effective potential of our model, new minima arise and SSB occurs.
In this way we get rid of the presence of dimensional parameters that make the lagrangian not scale invariant, and we prevent quadratic divergences. Some models with this peculiarity has already been studied, for example in [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] .
The SM doesn't provide a description of the Dark Matter. Today we can "see" it only through gravitational interactions. If we want to describe it as a particle, none of the particles we already know are good candidates.
The model that we are going to study has been proposed in [20, 21] : the stability of the DM particle is not given by an ad hoc symmetry, but only because the gauge symmetry of the lagrangian and because of the particle content of the theory. The same happens in the SM, where the photon, the electron, the proton and the lightest neutrino are stable. In this model, the DM particle is a multiplet of vector particles. Following this idea, we want to introduce a new hidden sector of the lagrangian, that is connected to the SM only through a scalar quartic interaction with the Higgs boson (Higgs portal). For this purpose, we have to introduce a new scalar particle.
In the following sections, we compute more precisely if this model can be confirmed by the experimental data, maybe in the next phase of the work of LHC. We will analyze the general properties of the model in Section 2, in Section 3 we show all the computations done in the most general case, while in Section 4 we show the results and we discuss them.
The model
In this section we will briefly study the properties of this model. In particular we will explain why should we study the one-loop effective potential of the theory.
Lagrangian and particle content
We choose SU(2) X as the new gauge group of the lagrangian, so the entire model is symmetrical under U(1) Y ×SU(2) L ×SU(3) c ×SU(2) X . The particle content is given by the SM particle content; plus we introduce doublet S of the group SU(2) X , that is a Lorentz scalar and a singlet under the SM symmetry group. We call X µ the SU(2) X vectors. These particles are, according to the model, the ones that constitute the Dark Matter. X µ bosons can be described as X µ = X a µ T a , where T a s are the generators of the new symmetry group, and they have a kinetic lagrangian term
The kinetic term of the new scalar field is |D µ S| 2 , where D µ = ∂ µ + i g X X µ and g X is the new coupling constant of the SU(2) X gauge group. For more details see [22] 
Tree-level potential
The tree-level scalar potential V 0 is
We observe that there is not a mass term for the Higgs field nor for the new scalar boson: as we said before, they will get their mass through the Coleman-Weinberg mechanism, considering one loop contributes to the theory. The SSB down to U(1) em ×SU(3) c occurs, and so the degrees of freedom represented by the six Goldstone bosons of the theory are absorbed into the longitudinal polarizations of all the gauge bosons. We can expand the scalar field in components as
SU (2) X is broken by the VEV w of the doublet S, so every X µ boson gets the same mass M X = g X w/2 from the interaction with the S field.
The new lagrangian parameters introduced are λ S , λ H , λ HS and g X .
Precise computation
We aim to find the values of these parameters and of v and w in terms of some known experimental data, so we compute some appropriate observables like the Higgs mass, the annihilation and semiannihilation cross sections of the DM, the muon decay amplitude.
One-loop potential
To find a minimum point different from the origin we have to consider the one-loop contributions computing the one-loop potential. The result for this theory is
The expression for the f function is
where µ is the energy scale at which we are renormalizing the theory. We consider Z, W and X loops (with longitudinal polarization for every vector), quark top loops (we suppose that this quark is the only fermion that gives a contribution), scalar particles and Faddeev-Popov ghosts loops. The sum is over all the scalar particles of the theory, that is the six Goldstone bosons and the two scalars h and s. In this expression, ξ Z , ξ W and ξ X are the parameters that determine the gauge fixing for the Z, W and X sectors, respectively. We will choose the Landau gauge, so we will take ξ Z = ξ W = ξ X = 0. The three expressions for the masses of the Goldstone bosons related to the H field are m 1,2 = v 2 λ H − w 2 λ HS /2 and m 3 = v 2 λ H − w 2 λ HS /2, while for the three Goldston bosons of the S field we have m 4,5,6 = w 2 λ S − v 2 λ HS /2. Regarding the masses of the two physical scalars, we observe that the tree-level mass matrix is not diagonal:
Since we want to describe scalar fields using the eigenstates of this matrix, the eigenvalues are their masses:m
The interaction eigenstates don't coincide with mass eigenstates. A mixing angle that correlates the two basis will be introduced.
Minimum equations
We can choose freely the energy scale of the renormalized theory. Depending of the values of the running parameter of the model, we can have a potential with a minimum in the origin if 4λ H λ S − λ 2 HS > 0, or a saddle point in the other case. To simplify calculations, we choose the critical scale where 4λ H λ S − λ 2 HS = 0. In this situation, the tree-level potential has minima on two straight lines passing for the origin:
As a consequence, one of the two scalar masses is null. This choice is possibile because, if we study the running of the constants as a function of the energy [22] , we can see that there is an energy µ * where this condition is satisfied. At this point, we can replace λ S by µ * , so the parameters of the theory become λ H , λ HS and the critical scale energy µ * . Now we switch to the effective potential. We impose that the first derivatives of the potential with respect to the fields cancel:
where T h and T s represent the one loop tadpoles related to the two scalars.
Scalar masses
We have seen that the tree-level mass matrix is not diagonal and we call its eigenstates h 1 and h 2 . At one-loop approximation, the pole masses of the two physical scalars are the values of p for which
wherem 1,2 represent the tree-level masses of the scalars, while Π ij (p 2 ) represents the one-loop corrections to the propagator at the energy p 2 . If we want to consider only the one-loop approximation, off-diagonal terms are not important, and can be neglected, so the pole masses are M 
In the critical condition we have chosen, one of the tree-level masses of the two scalars cancels, so the correction to it wouldn't be a small perturbation anymore, but it would constitute the entire value of the observable. Because of this, we compute the one-loop correction of the masses in two subsequent steps. We split Π(p 2 ) in two parts:
For both diagonal elements and off-diagonal ones, we can obtain Π(0) computing the second derivatives of V with respect to the fields. ∆Π(p 2 ) is the contribution due to the wavefunction renormalization. Given that only Π(0) is proportional to the masses of the heaviest particles, and so ∆Π(p 2 ) Π(0), we can have a good approximation for the scalar masses computing again the eigenvalues, but this time we neglect the wavefunction correction. We call this eigenvalues m 1 and m 2 . As we said before, the off-diagonal terms of these corrections are not important, so the final expressions for the masses of the scalars are:
We observe that the one-loop potential doesn't take into account the renormalization of the wavefunction. To compute this correction we have to start from the one-loop correction to the propagators of h 1 and h 2 . More precisely, we can write ∆Π(p 2 ) = Π(p 2 ) − Π(0), so we compute the one-loop contributions to the two-points Green function of each mass eigenstate for a generic p 2 and for p = 0 and than we do the subtraction. We introduce the mixing angle α, that is the rotation angle needed to diagonalize the one-loop mass matrix. It is defined by the relations h 1 = h cos α + s sin α and h 2 = s cos α − h sin α.
The expression for the Higgs one-loop propagator is
In this formula A 0 and B 0 are the Passarino-Veltman functions:
Dark Matter abundance
We assume that DM is a thermal relic, so we are going to describe which processes are important during DM freeze-out. We have to consider the annihilation processes, i.e. XX → h i h j ( Figure  1 ), XX → W W , XX → ZZ and XX → tt (Figure 2 ). Moreover, we have to take in account the semiannihilation processes XX → Xh i (Figure 3 ). Since DM is cold, we considered only the non-relativistic limit. There are six contributions to the annihilation cross-section: the first one has two h 1 particles in the final state, the third one has two h 2 particles, while the second one has one of each scalar. The last three contributions are related respectively to the production of a couple of W, a couple of Z or a couple of Top quarks. Fig. 3 : Feynman diagrams for the semiannihilation process of the DM.
We observe that in the limit of small λ HS , we get the same result of the approximated computation of [22] .
Calling σ ann and σ semiann the non-relativistic cross sections of these processes, we can say the experimental Dark Matter abundance is reproduced if [22, 23] 
where v is the relative velocity between the initial particles. We added a factor 1/2 for the semiannihilations because the number of DM particles drops only by one unit, so their contribution to the total annihilation of the DM is just one half of the contribution of the annihilations. We averaged these cross sections over the polarizations of the vectors and over their SU(2) X indices.
Corrections to the VEV of the Higgs
The VEV of the Higgs is fixed by the amplitude of the muon decay process. The relation between the Higgs VEV and the Fermi constant G F is
where ∆r encloses all the contributions given by the corrections to the W boson propagator.
In tree-level approximation we have ∆r = 0. The experimental value of the Fermi constant is 1.16637 × 10 −5 GeV −2 , so, considering only tree-level diagrams we obtain v 246.22 GeV from the previous relation.
We include one-loop corrections: ∆r is given by
where ∆r SM is the known SM result [24] in the Landau gauge ξ W = ξ Z = ξ X = 0.
Results
Now we have to write a system of equations, imposing that our observables agree with the experimental data. We introduced six parameters in this model, but the presently available observables that we computed give us only five conditions, so we choose g X as the only free parameter. We find the values of λ H , λ HS , µ * 2 , v and w:
This system has to be solved in two cases, because we don't know which of the eigenvalues of the one-loop mass matrix corresponds to the Higgs. Then, we have to compute the solution for every value of g X . We have a set of solutions showing us the values of the parameters of the model as function of g X . With these data we plot the predicted cross section for the production of the new scalar as a function of the mass of the scalar itself, and a diagram of the spin-independent cross section for direct detection of the Dark Matter as a function of the mass of the DM particle and of the free parameter.
In the limit where we are taking in account only gauge interactions, our results reproduce those of [22] .
The plots report the bounds given by LEP experiments for energies lower than the Higgs mass and by ATLAS and CMS experiments for greater energies [1, [25] [26] [27] . Below, in Figure  4 , we present the spin independent cross section for direct detection in the complete case. The model is not excluded by XENON2012 and LUX2013 data for g X 0.8 [28, 29] .
Conclusions
We considered an extension of the SM that describes the Dark Matter and proposes a reinterpretation to the hierarchy problem.
We performed a precise computation of the predictions of the model for the LHC and for direct detection experiments.
The new computation includes for the first time a full one-loop computation of the scalar masses and of the effective potential, and a full tree-level computation of the DM annihilations and semi-annihilations relevant for the thermal DM abundance. We find that:
• there are new solutions missed in the previous computation; however they are in the already excluded area.
• in [22] the diagrams the predictions for the DM mass and direct detection cross section show a "gap". In our computations, this discontinuity disappeared, being an artifact of the previous approximated computation.
• given the mass M s of the extra scalar, the cross section for its production for LHC increases by a factor ≈1.3 with respect to the approximated computation. This cross section is compatible with the experiments in a small range around g X ≈ 0.9 when the new scalar is lighter than Higgs, and for g X 1.0 when it is heavier.
• the prediction for the DM direct detection is compatible with LUX2013 and XENON2012 bounds for g X 0.8. Fig. 4 : Our final result: above, the prediction of the complete model for the production cross section of the new scalar. Below we report the prediction for the cross section for DM direct detection. These quantities are plotted as a function of the parameter g X , that varies accordingly to the colors on the legend. For a comparison, in these diagrams we leave the data of the approximated case as smaller points. The grey areas are excluded by LEP or CMS and ATLAS experiments for the diagram above, while the bounds comes from XENON2012 and from LUX2013 experiments for the diagram below.
